A terahertz-wave communication system directly connected to an optical fiber network is promising for application to future mobile backhaul and fronthaul links. The possible broad bandwidth in the terahertz band is useful for high-speed signal transmission as well as radio-space encapsulation to the high-frequency carrier. In both cases, the low-latency feature becomes important to enhance the throughput in mobile communication and is realized by waveform transport technology without any digital-signal-processing-based media conversion. A highly precise optical frequency comb signal generated by optical modulation and the vector signal demodulation technology adopted from advanced optical fiber communication technologies help perform modulation and demodulation with impairment compensation at just the edges of the link. Terahertz wave, radio over fiber, waveform transport, coherent detection, multilevel modulation, radio on radio. key words: terahertz wave, radio over fiber, waveform transport, coherent detection, multi-level modulation, radio on radio
Introduction
Connectivity to the Internet is now indispensable for accessing information and knowledge, and thus, for enhancing the quality of human life. Traditionally, a high-speed connection has been established by a wireline connection: a copper telephone line and an optical fiber. From the viewpoint of advanced optical fiber communication technologies, the speed of the link in a single channel has achieved 100 Gb/s for metro and core networks, and now, 400-Gb/s/ch optical transport technology is being developed for next-generation high-capacity networks [1] - [3] . Additionally, in an access network, optical fiber cables are deployed to the home: a fiber-to-the-home (FTTH) scheme under a passive optical network configuration. Thus, home users can have a wireline connection to the Internet with a speed of up to 1 Gb/s [4] , [5] . However, as wireline-based communication limits service areas, and thus, limits ubiquitous connectivity to the network, mobile communication based on advanced radio technology is being dramatically developed to enhance connectivity. Now, Long Term Evolution (LTE) technology and its advanced form (LTE-advanced) service † † The author is also with the Faculty of Science and Engineering, Waseda University, Tokyo, 169-8555 Japan.
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users with a connection speed on the order of 100 Mb/s; the speed achieved is comparable to the speed of conventional FTTH [6] , [7] . For next-generation mobile technology beyond LTE-advanced, so-called 5G, the aim is a connection speed of 10 Gb/s to subscribers; the speed will be comparable or faster than that for the FTTH [8] - [10] . To support such high-speed communication, a base transceiver station (BTS) for mobile communication should be connected to an optical fiber network to support its high-capacity mobile traffic as a backhaul link or even a fronthaul link. However, in 5G, the coverage for each BTS becomes smaller than that for LTE because of the enhancement in the connection throughput. In this scenario, a large number of BTSs will be installed in the field; many optical fiber cables will be deployed. However, as the cables cannot be deployed somewhere owing to geographical and cost issues, wireless connection technology to the BTSs as mobile backhaul and fronthaul links is strongly desired. Actually, the wireless mobile backhaul has been already evaluated by millimeterwave radio communication technology with a capacity on the order of 1 Gb/s; however, it is not sufficient for even near future LTE-advanced [11] . Terahertz-wave radio communication technology is promising for the realization of a high-speed backhaul and fronthaul connection by a wireless feature owing to its high carrier frequency and its broadness of available bandwidths [12] , [13] . Moreover, 5G backhaul and fronthaul links require an ultrahigh-speed feature and a low transmission latency compared to the conventional fronthaul using digitized communication technology, such as a 10-Gb/s common public radio interface (CPRI) and an open radio equipment interface (ORI) [14] , [15] . The broad bandwidth of the terahertz radio meets the demands, and it is possible to provide a high-speed link >10 Gb/s when the available bandwidth is greater than 10 GHz. However, as the atmospheric attenuation coefficient in the band is estimated to be 3 dB/km under standard atmospheric conditions without any rain, the possible transmission distance could be shorter than the radio link by conventional microwave-and millimeterwave radio [16] , [17] . In addition, the seamless convergence between the optical and radio networks is demanded to enhance the network functions such as virtualization and optimization of the network resources in future network configurations ( Fig. 1) [18] .
Radio over fiber (RoF) technology can meet the demands for realizing feeder technology of the terahertz signal Copyright c 2015 The Institute of Electronics, Information and Communication Engineers to a suitable area and seamless connection to the optical network [19] - [21] . Optical-to-electrical (O/E) and electricalto-optical (E/O) conversion technologies provide direct conversion between the optical and terahertz radio signals without any processing latency, and its signal speed is much faster than 10 Gb/s [22] - [25] . IIn addition, advanced optical digital coherent detection can compensate for transmission impairments of the signal in the optical domain, even in the terahertz domain; a waveform of the signal is transported over the fiber and the air between a transmitter (Tx) and a receiver (Rx) [26] . No conventional media conversion by digital signal processing (DSP) is required in the O/E and E/O conversions; thus, the possible latency of the transmission could be reduced.
In this paper, we propose and demonstrate high-speed terahertz signal transmission by advanced photonics technology such as digital optical coherent detection and optical frequency comb (OFC) generation. An OFC generator (OFCG) configured with optical modulation provides a terahertz-capable optical two-tone signal with low phasenoise characteristics. In Sect. 2, the details of optical signal generation for terahertz radio are presented. DSP-assisted coherent detection can receive a 40-Gb/s-class vector signal such as quadrature phase-shift keying (QPSK) generated by an optical subharmonic IQ mixer (Sect. 3). For a reduction in the latency and encapsulation technology of conventional microwave services, a terahertz radio employing radio on radio (RoR) technology is evaluated in Sect. 4. Finally, a transmission distance evaluation of the terahertz radio is discussed in Sect. 5.
Optical Terahertz Signal Generation
For seamless conversion from the optical signal to the terahertz signal, optical signal generation is key with a high frequency stability in order to follow radio regulations. In addition, it is also important to maintain compatibility in the signal generator, especially in the port configurations, with existing modulators designed for conventional microwave and millimeter waves. In the following sections, we discuss the modulator configuration by photonics and the enhancement in the signal-to-noise ratio (SNR).
Configuration of an Optical Subharmonic Mixer
To maintain compatibility of connection port configuration with conventional modulators, we propose the optical subharmonic mixer (SHM) configuration shown in Fig. 2 [27] , [28] . This consists of an OFCG, an optical filter bank (OFB), an optical modulator, and a high-speed photomixer (PM) based on a unitraveling-carrier photodiode [29] , [30] . The OFCG generates an optical frequency comb signal with a bandwidth broader than the required frequency in the terahertz band. It should be noted that the generated OFC directly affects the quality of the terahertz signal, such as the frequency stability and phase-noise characteristic. From this point of view, a modulator-based frequency comb generator is applicable because this OFCG has a frequency separation provided by a microwave synthesizer driving the modulator; that is, the stability could be comparable to that of the synthesizer with an order of 1 ppm. In this paper, for a proof-of-concept demonstration, we demonstrate a recirculating frequency shifter in an amplified optical fiber loop for OFC signal generation (Fig. 3 ) [31] , [32] . An optical frequency shifter, which is based on an optical single-sideband (SSB) suppressed-carrier (SSB-SC) modulator connected to a local oscillator (LO), changes an optical frequency of the input optical signal with the frequency of the LO signal [33] . In the amplified loop, this frequency-shifting process is performed many times by an erbium-doped fiber amplifier (EDFA) compensating for the insertion loss of the fre- quency shifter; thus, the resulting OFC signal is output from the optical coupler. Figure 3 (b) shows an OFC signal generated with the LO for the frequency shifter operated at a frequency of 10 GHz using a laser operating at a wavelength of 1548.3 nm. Clear comb separation with a broad bandwidth of 5 nm, which corresponds to approximately 600 GHz, is observed. This bandwidth is limited by an optical bandpass filter (OBPF), which has an optical pass-bandwidth of 5 nm, located in the fiber loop, which suppresses unwanted comb lines and amplifies spontaneous emission (ASE) noise. As the wavelength increases, the noise level also gradually increases according to the ASE noise generated by the EDFA. This might cause a degradation in a resulting SNR of the terahertz signal. The SNR enhancement method is described in the next subsection.
In the optical SHM, an OFB splits the OFC signal into two optical components with the frequency separation of the required terahertz carrier. An arrayed waveguide grating structure is useful for this purpose as the filter bank. The split signals are used for modulation and an optical reference. An optical modulator is utilized for modulation; for simple intensity modulation (IM), a simple Mach-Zehnder interferometer-type optical modulator is applicable. An optical phase modulator and optical in-phase/quadrature (IQ) modulator are also applicable for phase and vector modulation with advanced modulation formats, respectively. The modulated signal and optical reference are combined by an optical coupler; then, a PM performs frequency downconversion by the heterodyne process to generate the modulated terahertz signal [34] . In the optical SHM or subharmonic IQ mixer (SHIQM), the configuration of the input and output ports (LO input, data input, and modulated signal output) is just the same as a conventional modulator used in microwave communication systems. Therefore, the optical SHM/SHIQM could be easily interchanged from conventional systems. 
Signal-to-Noise Ratio Enhancement by Injection Locking
An enhancement in the SNR of an optical two-tone signal generated by the OFCG described above can directly increase the SNR of the resulting terahertz signal. There are some techniques to increase the SNR: stimulated Brillouin scattering (SBS) in the optical fiber and injection-locking to a free-running laser [35] , [36] . SBS is a possible technique for regenerating the signal by the nonlinear effect in the optical fiber. In general, a narrow bandwidth of several tens of megahertz in SBS provides a high suppression ratio of unwanted components; a high SNR could be obtained. On the contrary, an injection-locked laser also regenerates the high-SNR optical signal locked to a seed signal with a low complexity. In this paper, the enhancement in the SNR by the injection locking technique with a seed OFC signal is evaluated. Figure 4 shows the configuration of the setup for signal regeneration by injection locking. After the filter bank, the optical component picked from the OFC signal is input into a free-running Fabry-Perót laser diode (FPLD) passed through an EDFA, an optical circulator, and a polarization controller (PC). The OBPF suppresses the unwanted longitudinal modes of the regenerated optical signal by the injection-locked FPLD set after the circulator; then, the signal is combined with an optical reference from the OFB. The optical two-tone signals with and without the injection locking technique are shown in Fig. 5 (a) . As compared with the seed signal, the optical SNR is increased by at least 10 dB. In addition, there is no degradation in the SSB phase noise shown in Fig. 5 (b) . These results show that the SNR enhancement technique using an injection-locked laser is capable of terahertz signal generation.
High-Capacity Transmission Using Baseband Modulation
For the wireless backhaul, the connection links between the BTSs, and/or the entrance network and the BTSs, highspeed terahertz signal generation and its transmission are required with a capacity greater than 10 Gb/s. In this scenario, baseband modulation by the optical SHIQM with assistance of DSP can provide a signal with a high spectral efficiency for transmission over the fiber as well as air [37] . Figure 6 shows the concept of DSP-aided coherent transmission based on RoF technology. In the Tx (RoF Tx), a "radiofriendly" signal is synthesized by the optical SHIQM for direct radiation to air. Generally, the signal radiated to air as a radio should be consistent with the quality limited by radio regulations. On the other hand, available active devices such as an amplifier have a bandwidth of 30-60 GHz in 300-GHz band, which corresponds to a fractional bandwidth of 10-20% in general. As the available bandwidth for the communication system is limited by these devices in each channel, a spectrally efficient signal should be synthesized for 100-Gb/s-class signal transmission. In this scenario, a vector modulator (optical SHIQM) is employed for terahertz signal generation. In the O/E conversion by the PM, the terahertz signal is radiated and transmitted over the air. At the Rx, a heterodyne-detector-based coherent frequency downconversion block reproduces an intermediate frequency (IF) component from the received terahertz signal because of the limited bandwidth of the analog-to-digital converter (ADC). After capturing the signal by the ADC, DSP proceeds with carrier recovery including frequency downconversion to the baseband, phase noise compensation, equalizing, and demodulation, which is similar to the DSP implemented for advanced optical digital coherent detection. Therefore, DSP for the optical system can be adopted for the terahertz receiver with small modifications. In this system, the DSP compensates for the transmission impairments over the fiber as well as those over air. In addition, a waveform including the modulation format, symbol rate, etc., is kept in the entire link. Therefore, the waveform is directly transported from the Tx to the Rx in any transmission media.
Concept of DSP-Aided Coherent Detection
It should be noted that coherent detection based on het- erodyning can enhance the sensitivity of the receiver using a high-power LO signal; the sensitivity is key for terahertz radio communication because of its low transmitted power due to transmission attenuation. However, the frequency difference between the irradiated carrier and a free-running LO for the heterodyne detector produces intensity and phase fluctuations in the regenerated IF signals. Thus, the DSP for compensating for this carrier frequency offset (CFO) should be implemented in the receiver.
Experimental Setup
The experimental setup for high-capacity transmission with high-gain antennas is shown in Fig. 7 . The optical SHIQM operates at 25 GHz as an LO generating a radio-friendly optical signal at a carrier frequency of 325 GHz with a QPSK signal whose symbol rate is 20-32 Gbaud. The seed signals for QPSK generation are provided by a two-channel pulse pattern generator with a pseudorandom bit stream (PRBS). The generated optical signal is boosted by an EDFA, followed by an OBPF, for suppression of amplified spontaneous emission noise. The amplifier optimizes the optical power level for input into a PM. The PM converts the optical signal (with a frequency separation of 325 GHz) to a 325-GHz terahertz-wave signal. An antenna with a gain of 46 dBi radiates the signal to air, and the antenna at the receiver collects the transmitted signal. It should be noted that an offset parabolic antenna made from aluminum is used as the antenna for both the Tx and Rx [18] . An electrical SHM, operated at a 12.5-GHz LO signal, performs heterodyne frequency down-conversion from 325 GHz to 25 GHz. An IF amplifier optimizes the signal level for input into an ADC with a sampling speed of 160 Gs/s. A digital storage oscilloscope is used as the ADC, and offline DSP compensates for transmission impairments and demodulation.
Demonstration
The observed bit error rates (BERs) are shown in Fig. 8 . The BERs for 5-m and 10-m transmissions are similar at 20 Gbaud and within the forward error correction (FEC) limit of the BER of 2 × 10 −3 using a 7% FEC overhead [38] . On the other hand, the under-15-m transmission with 20-Gbaud QPSK has some differences compared to the 10-m transmission. This is because a Fraunhofer distance between the Fresnel and Fraunhofer zones, which corresponds to the border between the near and far fields, is described by 2D 2 /λ, where D and λ denote the aperture of the antenna and the wavelength of the radio signal, respectively. In this study, D and λ were approximately 8 cm and 1 mm; thus, the distance is estimated as 12 m [18] . This is the reason why the behavior of the BER for 10 m and 15 m seems quite different. The observed penalty between the two ranges is estimated at 8 dB. The penalty between the 5-m and 15-m transmissions, estimated using the Friis propagation equation, is approximately 4 dB. The difference between the estimated and observed values is possibly due to a misalignment of the antenna direction. Constellation maps of the received QPSK signal are also shown in Fig. 8 . A clear symbol separation is exhibited during 20-Gbaud operation. It should be noted that the expected radio power at 300 GHz is approximately less than −13 dBm when the photocurrent is 5 mA owing to the specification sheet of the photomixer. By using a highgain antenna pair, 20-Gbaud QPSK radio transmission can be performed, even if the output power is less than 100μW.
Low-Latency Transmission by Radio on Radio
For application to the mobile fronthaul, which is a connection between a signal processing unit and the remote radio heads in the BTS, the transmission latency is key for the mobile network. Particularly in next-generation mobile networks, a centralized radio access network configuration will be implemented on the basis of a centralized signal processing unit connected to a large number of remote radio heads by the fronthaul links. In this scenario, the fronthaul technology will be important. Generally, the radio access network is defined as the range between modulation/demodulation and the user equipment (UE) including the transmission line. Thus, the latency in the fronthaul should be reduced in order to increase the throughput of mobile communication. However, conventional fronthaul technology is based on digitized signal transmission by an on-off keying (OOK); thus, an unavoidable processing latency in the signal processing unit and remote radio heads exists for signal conversion between the OOK signal and the highly spectrum-efficient signal in the mobile network. In the optical domain, an analog RoF link has ultimately low invasiveness from/to existing radio services; thus, it is easy to realize by deploying fiber. To apply a similar radio-signal encapsulation scheme to the other radio carriers, the radio signal can be delivered to the desired location by a wireless network. This RoR system is capable of avoiding the radio interference between the delivered signal and the existing radio signals in the microwave bands, even if the signal is transmitted over air [39] - [41] .
Concept of Radio on Terahertz over Fiber System
An RoR in the terahertz band has a great advantage of the available bandwidth [42] . In conventional RoR, a carrier frequency is assumed in the millimeter-wave band, such as 60 GHz with a 9-GHz license-free bandwidth. On the other hand, the possible bandwidth will be greater than 10 GHz in the terahertz band; thus, the number of encapsulations of microwave services will increase. To generate the RoR signal in the terahertz band by photonics, an optical SHM is useful for analog modulation by the intensity modulation scheme (Fig. 9) . The generated signal, the radio on terahertz over fiber (RToF) signal, is capable of transmission over the fiber and air by terahertz radio. In decapsulation of the microwave signal, a simple envelope detector in the terahertz band as well as a terahertz mixer can regenerate the microwave signal without any DSP in the terahertz-to-radio (T/R) converter, i.e., a manner similar to the DSP-less media conversion described in the sections above. Finally, the microwave radio is transported via an optical fiber and terahertz radio to a UE. In this configuration, the RToF system is applicable to the mobile fronthaul as well as radio signal delivery to subscribers. To enhance the sensitivity of the T/R converter, a mixer with a free-running LO is applied for coherent detection. It should be noted that there are issues with the CFO compensation by DSP described in the section above. A self-homodyne detector in the terahertz band can be also applied with a high sensitivity and low phase-noise characteristics [43] .
Particularly in radio interference, a terahertz radio might not affect existing microwave/millimeter-wave services and the possible existence of other terahertz radio services. This is because the terahertz radio link should be based on a beam-like link by high-gain antennas owing to its large atmospheric attenuation. Moreover, as the transmission distance is limited for the same reason, an optimized cell/link design can mitigate interference.
The RoR described in this paper only focuses on encapsulation and transport of the radio space in the microwave band to desired locations by the terahertz radio and optical fibers. For future millimeter-wave communication systems such as 5G, analog IF signal transport by the RToF technique is also applicable. In that configuration, the subcarrier multiplexing technique in the electrical domain can aggregate many IF signals for transport to remote radio heads without any DSP in the media conversion. Figure 10 shows the experimental setup for RToF signal transmission, which consists of four blocks: an optical SHM, a PM as an optical-to-terahertz converter, a Schottky barrier diode (SBD) as the envelope detector in a T/R converter, and a vector signal analyzer (VSA) as a microwave signal analyzer. In this study, we used an LTE down-link signal at a center frequency of 2.1 GHz with a bandwidth of 20 MHz as the signal under test. The microwave signal and an LO signal at a frequency of 12.5 GHz are input into an optical SHM based on an optical IM; then, the RToF signal is transmitted over a single-mode optical fiber (SMF). At the remote site, an EDFA with an OBPF optimizes the optical power level of transmitted signal, and finally, the PM converts from the RToF signal to a 300-GHz terahertz signal. After terahertz transmission over air, the SBD directly converts from the received terahertz signal to the microwave radio, which acts as the T/R converter for decapsulation in a remote radio head. The converted microwave signal is amplified by a microwave amplifier; then, the signal is radiated to the UE. In this proof-of-concept demonstration, the VSA with offline DSP directly connected to the remote radio head performs the evaluation of the signal before radiation to the UE. Figure 11 shows the obtained constellation maps of the received signal for 5-m free-space transmission after transmission over the 10-km SMF. The symbols on the constellation map are clearly concentrated at the ideal point; this implies that there is no significant nonlinear distortion in the system. The modulation formats are QPSK, 16-ary quadrature amplitude modulation (QAM), and 64-ary QAM with an error vector magnitude (EVM) of approximately 5%.
Experimental Setup

Demonstration
The capacities of radio services are determined by the bandwidth and modulation format. Figure 12 shows the EVM characteristics for various modulation formats of QPSK, 16 QAM, and 64 QAM, whose capacities with a 20-MHz bandwidth at a 3/4 coding rate are 19.2, 38.3, and 57.5 Mb/s, respectively. All of the observed EVMs exhibit the same behavior at the same transmission distances (5 m). This indicates that the transmitted radio power produces the SNR. Under the high-power transmission condition, for example, at a photocurrent of 5 mA, all of the formats have an EVM within the limit of 17.5% for QPSK, 12.5% for 16 QAM, and 8% for 64 QAM, whose EVMs are regulated at the output of the BTS [44].
Transmission Distance Evaluation
The possible transmission distance is a key characteristic of wireless systems for application to the backhaul and fronthaul links. Actually, in the LTE-advanced standard, an intersite distance (ISD), which is the distance between the BTSs, is defined to be approximately 250 m in an urban microcell configuration [45] . In future 5G, the ISD will be smaller; therefore, the transmission distance required by the terahertz radio should be greater than 250 m. Figure 13 shows the estimated received power at the terahertz Rx in the terahertz band as a function of the transmission distance. Assuming an effective isotropic radio power (EIRP) of 30 dBm, which is realized by the terahertz signal power of −16 dBm and the antenna gain of 46 dBi, which are the conditions described in Sect. 3, the possible transmission distance will be less than 10 m. It should be noted that the signal power is estimated using the photocurrent from the specification sheet of the PM, and the transmitted radio power at the input of the antenna is assumed to be −22 dBm, corresponding to a photocurrent of approximately 2.5 mA when the observed BER is 2 × 10 −3 . The estimated distance agrees well with the results shown in 8. The transmission loss is estimated with the free-space path loss and atmospheric attenuation with a coefficient of 3 dB/km. On the contrary, the transmission distance would be extended to 500 m by an EIRP of 70 dBm. Such a high EIRP transceiver is realized by the implementation of a transmitter power amplifier in the terahertz band. In these proof-of-concept experiments, there are no terahertz amplifiers installed in the Tx and Rx. For the power amplifier, semiconductor-based and vacuum-tube-based amplifiers are being developed with an output power of 10 mW and beyond 1 W in the terahertz band [46] , [47] . Thus, this EIRP will be applicable to a real transceiver configuration.
For the EIRP of 70 dBm under medium-and thick-fog conditions, the possible transmission distance achieved is approximately 400 m. These medium-and thick-fog conditions have water vapor densities of 0.05 g/m 3 and 0.5 g/m 3 , and the resulting additional losses to atmospheric attenuation are approximately 0.7 dB/km and 8 dB/km, respectively; the estimated visibilities under these fog conditions are 300 m and 50 m [48] . The drastic change in the atmospheric attenuation of 7 dB cannot affect the possible transmission distance for a distance less than 1 km; thus, the dominant loss in the terahertz band could be caused by the free-space path loss.
Under rainy conditions, a large loss due to the rainfall reduces the transmission distance in 300-GHz band rather than fog. Actually, in heavy shower (rainfall of 10 mm/h) and heavy rain (50 mm/h) conditions, the specific attenuation coefficients are calculated to be 6.9 dB/km and 19.1 dB/km, respectively [49] . Even under heavy rain conditions, the possible distance achieved is approximately 300 m, which is comparable to the ISD of the current urban microcell configuration described above. Therefore, the combination of a high-gain antenna and a high-power amplifier is capable for the fronthaul and backhaul links using terahertz radio.
Conclusion
Terahertz signal transmission by advanced photonics technology is demonstrated by the OFCG-based optical SHM. The optical SHM/SHIQM are configured with structures similar to conventional modulators in microwave-and millimeter-wave communication. The SNR of the OFC signal could be enhanced by the injection locking technique to increase the resulting SNR of the terahertz signal. DSPaided coherent transmission and RToF-based radio signal delivery are demonstrated using optical SHMs. The estimated transmission distance will achieve 300 m, even under heavy rain conditions. The middle-range transmission capability is capable of application to high-speed mobile backhaul and fronthaul links. Terahertz communication will be key to the realization of future mobile networks with a throughput greater than 10-Gb/s. 
